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Due to its special properties, amorphous carbon

(a-C) materials have been reported to display novel

functions for many potential optical [1,2], frictional [3]

and electronic [2,4] applications. These include protec-

tive coating, ultra durable anti-reflection coatings [1,2],
mechanical devices [2,3], and electron emitters [4]. The

ability to fabricate a-C into desired physical shapes

has attracted much attention. For example, anodic alu-

minum oxide (AAO) has been used as templates to

shape a-C into tubular shapes by pyrolyzing propylene

inside the AAO channels [5]. In our study herein we re-

port on a process to grow a-C tubes (a-CT) by coupling

two fabrication methods we recently developed [6,7].
First, a layer of short aligned a-CT was deposited by

LPCVD from SiCl3CCl3 on an AAO substrate [6]. Then,

by employing the Na-filled AAO (Na@AAO) reactive

template method, we were able to significantly elongate

the a-CT [7].

Using a hot-wall LPCVD reactor with a base pres-

sure of 10�1 Pa, SiCl3CCl3 (Aldrich, 97%) was evapo-

rated at 273 K without carrier gas. The precursor was
decomposed at 1273 K and 10 Pa to deposit a layer of

carbon on AAO substrates (Whatman Anodisc 13, ob-

served pore diameter: 280 nm, thickness: 60 lm). After

3 h, the AAO substrates turned black and the product

a-C film on AAO (a-C/AAO) was obtained. As shown

by the scanning electron microscope (SEM, JEOL

JSM-6330F at 15 kV) images in Fig. 1, the average

diameter of the open-ended a-CT, 330–340 nm, is close

to the channel diameter in the AAO. The average thick-
ness of the a-CT wall was 30 nm. In Fig. 1(b), the aver-

age thickness of the array layer was estimated to be

800 nm, much thinner than the AAO thickness of

60 lm. We speculate that the activated species generated

from SiCl3CCl3, :CCl2, cannot diffuse effectively into the

AAO channels to form a thick carbon layer. Fig. 1(b)

also shows that the a-CT array is connected as a layer

of film on top of the AAO. Using energy dispersive spec-
troscopy (EDS), the composition of the isolated tube ar-

ray layer was confirmed to be carbon. Thus, the data

support the conclusion that we have successfully depos-

ited a-C on AAO (a-C/AAO) in the form of short a-CT

array. We also attempted to perform this process on a

home-made AAO with a channel diameter of 30 nm.

However, :CCl2 apparently could not diffuse into the

narrow AAO channels to grow into an a-CT layer.
After the short a-C/AAO layer was fabricated by

LPCVD, we explored the possibility of extending the

tube length by the sodium reactive template method that

had been previously developed [6]. By decomposing

NaH (Aldrich, 0.2 g, 8 mmol) on a-C/AAO inside a tube

furnace at 623 K under 1 atm of Ar (flow rate: 30 sccm)

for 0.5 h, Na filled the channels of AAO to generate

Na@a-C/AAO. Further reaction of Na@a-C/AAO with
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C6Cl6 (Toxicity: LD50 oral, mouse = 4 g kg�1; Aldrich,
vaporized at 393 K) at 623 K for 20 h produced a brittle

black product which broke easily into small pieces. The

product was immersed in 48% HF at room temperature

for 9 h to remove the AAO template. It was then washed

with boiling D.I. water and dried at 373 K in air to offer

elongated arrays of a-CT. Fig. 2 shows that this sample

is composed of bundles of elongated a-CT. Due to some

breakage of the solid product, the observed a-CT
lengths, 20 lm, are shorter than the original AAO thick-

ness. One side of the tube array is connected with a con-

tinuous film, probably formed in the previous LPCVD

process, while the individual carbon tubes generated in

the reactive template step are straight and well-aligned.

The diameter of the a-CT, 340 nm, is close to the

AAO channel diameter.

Fig. 3 presents bright field transmission electron
microscope (TEM, Philips TECNAI 20 at 200 kV)

images and the corresponding selected area diffraction

(SAD) patterns of dispersed a-CT samples. The ob-

served morphology, shown in Fig. 3(a), suggests that

the two long tubes attached to one end of the two linked

short tubes is the consequence of the processes employed
in this study. Arrow 1 points to an end section layer with

a thickness of ca. 800 nm. The layer is a bundle of a-CT

with increased wall thickness. We attribute the first for-

mation of this section to the LPCVD process. On the

other hand, the elongated portion of the tubes, as indi-

cated by arrow 2, has an average diameter of 300 nm,

a wall thickness of 30 nm and a length of 2.5 lm. The

long segments appeared to be produced solely by the
reactive template process. The ED pattern and the wall

structure shown in Figs. 3(a) and (b), respectively,

indicate that the tubes are amorphous. A Raman

(Jabin-Yvon Raman Spectrometer T-64000 with the

incident wavelength at 514.5 nm) scattering spectrum

of the elongated a-CT array is displayed in Fig. 4.

The vibrations are assigned to G-band (1587 cm�1)

Fig. 1. SEM images of (a) top and (b) side view of short a-CT arrays

grown from SiCl3CCl3 at 1073 K by LPCVD after AAO is removed.

Fig. 2. SEM images of an elongated a-CT. (a) Side view and (b)

enlarged view of the region marked by arrow in (a).
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and D-band (1350 cm�1) of a carbon material. The peak

intensity ratio, ID/IG strongly suggests that this carbon
material is non-crystalline.

To summarize, we conclude that amorphous carbon

tubes were prepared via a template-assisted synthesis

route as shown in Fig. 5 (not to scale). First, using

AAO as the substrate, short a-CT arrays are grown

from SiCl3CCl3 at 1073 K by LPCVD. Elongation of

the tubes into bundles joined at one end is achieved by

filling the AAO channels with Na to generate the reac-
tive template, followed by the reaction with C6Cl6. Be-

cause sections of the tubular structure were fabricated

independently, we postulate that this process can be ex-

tended to form tubular structures containing heterojunc-

tions between carbon and other elements such as silicon.

For example, replacing C6Cl6 with silicon chlorides as

the sources may achieve this goal. This research is still

in progress.

Fig. 3. TEM and ED images of elongated carbon tubes. (a) Arrow 1 marks a-CT tubes formed by LPCVD and arrow 2 shows the section formed by

the reactive template method. (b) A well-aligned a-CT bundle. (c) Magnified view of area marked by arrow 3. (d) Magnified view of area marked by

arrow 4.

Fig. 4. Raman spectrum of elongated a-CT.
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Since their discovery, carbon nanomaterials [1] have

attracted a great deal of interest from many research
groups worldwide, since they exhibit unique chemical

and physical properties [2]. Both carbon nanotubes

(CNT) and carbon onion particles (COP) have been pre-

pared by a variety of methods that can be classified into

two broad categories: physical and chemical. These tech-

niques have been reviewed recently [3], the physical
methods include electric arc discharge synthesis, laser

ablation, resistivity vaporization, electron or ion beam

vaporization and sunlight vaporization. The chemical

methods are, for example, the catalytic pyrolysis reac-

tions of hydrocarbons, catalytic disproportion of carbon

monoxide (CO) [4,5], the reduction of perfluorinated

hydrocarbons by an alkali metal amalgam, hydrother-

mal growth from amorphous carbon, catalytic reduction
of CO and the thermal decomposition of Fe(CO)5 in a
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Fig. 5. Scheme of elongating a-CT.
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